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Landsat data respond to variations in the
structure of Caatinga plant communities
along a successional gradient
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Abstract: Plant community succession is generally approached with phytosociological
methods, but field surveys are time-consuming, expensive, and limited to several of
sites. Remote sensing offers an efficient and economical way to analyze vegetation on
large extensions and in inaccessible areas. Most studies addressing remote sensing
and tree community succession refer to forest physiognomies. We investigated
whether structural changes that occur in non-forest physiognomies are identified by
multispectral sensor images (OLI-Landsat). Thirteen 0.1-ha plots were set up in Caatinga
fragments aging 10-15, 20-25, 30-35, 40-45 and >50 years to calculate the total density
of individuals (TD), mean canopy height (H), total basal area (G) and total aboveground
biomass (AGB). We performed correlation analyses between these structural descriptors
and eight remote sensing variables (reflectance data and spectral indices) obtained
from Landsat images at the end of the rainy season and during the dry season. Blue and
short-wave infrared reflectances were negatively correlated with mean height, basal area
and biomass, regardless of the analyzed scene (coefficients between -0.58 and -0.79).
The litter layer (a non-photosynthetic vegetation component) and the soil exposure are
important factors influencing the spectral data.
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INTRODUCTION

Approximately two-thirds of the global forest
area are classified as secondary forests
(Mackey et al. 2015). In the tropics, secondary
forests cover about 70% of all forest area (FAO
2010) and are, therefore, more common than
primary forests. Secondary forests represent a
potential carbon sink and result from natural
or man-made disturbances (Pain et al. 2021),
triggering ecological succession, which consists
of changes in the community structure and
species composition over time (Clements 1916,
Pickett et al. 2011).

The usual way to characterize the plant
communities successional process has been
applying phytosociological methods. Still, field
surveys are time-consuming, costly, and limited
to a small number of landscape sites (Clark et
al. 2004, Song et al. 2007, Timothy et al. 2016).
On the other hand, Remote sensing potentially
offers an efficient and economical way to
analyze vegetation on large extensions and in
inaccessible areas (Timothy et al. 2016, Chambers
et al. 2007). However, estimating attributes
of plant communities using remote sensing
poses some difficulties, such as vegetation
physiognomy, structure and phenology, sensor
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characteristics (spatial, radiometric, and spectral
resolution, for example), geometric factors
(angles of illumination and sight, for example),
among others (Franklin 2001, Ponzoni & Rezende
2004, Ponzoni et al. 2012, Barbosa et al. 2014).
To understand the potential of remote
sensing in the characterization of succession in
plant communities, several studies have been
carried out, especially in tropical rainforests
(Mausel et al. 1993, Lucas et al. 2000, Steininger
2000, Vieira et al. 2003, Clark et al. 2004, Lu et
al. 2004, Ponzoni & Rezende 2004, Arroyo-
Mora et al. 2005, Feeley et al. 2005, Castillo et
al. 2012, Gallardo-Cruz et al. 2012, Martinuzzi
et al. 2012, Yang et al. 2012, Galvao et al. 2015).
A considerable part of these studies has
related remotely-sensed data with attributes
measured in the field, enabling an ecological
understanding of the spectral dynamics of
vegetation. Chronosequence studies in Amazon
rainforests (3-70 years) have shown that the
basal area, biomass, maximum height and stem
diameter at breast height have a negative and
weak linear correlation with the reflectance data
obtained by the Landsat 5 satellite sensors in
the visible (blue, green and red) and infrared
regions (Vieira et al. 2003, Ponzoni & Rezende
2004). Visible reflectance (Landsat data) is poorly
predictive when forest biomass is over 150 t/
ha, corresponding to 15 years of succession in
tropical rainforests (Steininger 2000). Vegetation
indices such as the Normalized Difference
Vegetation Index (NDVI) and the SAVI (Soil
Adjusted Vegetation Index) have also shown
weak correlations with vegetation structure
descriptors in chronosequences of Amazon
rainforests (Vieira et al. 2003). Even data from
a high spatial resolution sensor, Clark et al.
(2004) identified significant and moderate
correlations with basal area, height and biomass
in chronosequences of tropical rainforest in
Costa Rica. Part of these limitations seem to
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have a fundamental cause inherent to optical
remote sensing: the sensor fails to capture the
structural variations under a closed canopy,
typical of rainforests (Franklin 2001).

Succession studies combining remote
sensing data and field-measured attributes of
plant communities in dry regions are scarce
and have shown contradictory results. Analyzes
carried out in dry forests in Costa Rica, Mexico,
and Venezuela have demonstrated significant
relationships between remote sensing data
(Landsat, Quickbird, LiDAR) and vegetation
attributes over succession (Feeley et al.
2005, Castillo et al. 2012, Gallardo-Cruz et al.
2012). On the other hand, it has already been
demonstrated that spectral indices, such as
NDVI (ETM+ sensor/Landsat 7), present similar
values in intermediate and late stages (Arroyo-
Mora et al. 2005), being little predictive. In non-
forest physiognomies, the few existing studies
have shown that near-infrared reflectance and
the NDVI index (Landsat satellite) are sensitive
to variations in species richness and tree
canopy cover (Yang et al. 2012, Medeiros et al.
2019). The lack of information and the inherent
limitations of remote sensing reinforce the
need to carry out further studies in dry regions
and identify the potential of remotely-sensed
data in characterizing the succession of plant
communities.

In general, vegetation reflectance is based
on differences in illumination, absorption
and shading, which are related to tree top
dimensions and spacing, photosynthetic and
non-photosynthetic components, soil and
lighting geometry (Franklin 2001, Asner 2004).
Considering the vegetation, leaves constitute the
main interaction element with electromagnetic
radiation. Due to the mesophyll structure
and photosynthetic pigments, leaves absorb
especially in blue and red wavelengths and
reflect mainly in the green and near-infrared
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wavelengths of the electromagnetic spectrum
(Willstatter & Stooll 1918). In the dry season, due
to the degradation of photosynthetic pigments,
vegetation spectral curves do not show
absorption in the blue and red wavelengths
(Asner 2004, Hortensteiner 2006, Morais et al.
2021).

Inaddition to leafinteraction, characteristics
such as density and distribution of individuals,
AGB, shade fraction variations and phenology
interfere with the spectral response of
vegetation (Asner & Warner 2003, Galvao et al.
2015). In dry climate regions, where most plants
shed their leaves in response to periods of
water stress, non-photosynthetic components
(aboveground dead-standing biomass and soil
litter layer) constitute an essential proportion
of the vegetation and contribute significantly to
the canopy reflectance (Asner 2004). Studies in
the Caatinga (thorny woodland in northeastern
Brazil) have demonstrated that the litter carbon
stock increases as succession progresses and
that the leaves constitute the main component
in all successional stages (Moura et al. 2016).
Hence, it is likely that the non-photosynthetic
components of the vegetation are a determining
factor in the spectral characterization of
successional stages of the Caatinga, especially
during the dry season.

The choice of the sensor configures an a
critical aspect of vegetation characterization.
Remote sensing technology encompasses
a variety of passive sensors ranging from
multispectral sensors (Landsat, SPOT, RapidEye,
etc.) to hyperspectral (Hyperion satellite) and
active (LIDAR) sensors (Sanchez-Azofeifa et al.
2017). Given this variety, selecting a data source
appropriate to the study area and identifying its
limitations and advantages is essential. LiDAR
data, forexample, can distinguish among species
in particular cases based on tree architecture
(Sanchez-Azofeifa et al. 2017). However, like
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hyperspectral sensors, it is not available for free,
which limits its use. On the other hand, data
from the Landsat mission has a broad historical
series, global coverage, and free access. Analyzes
in semi-arid woodlands in Brazil and the United
States have shown that Landsat data accurately
estimate crown cover and plant species richness
(Yang et al. 2012, Medeiros et al. 2019).

The vegetation of the Caatinga presents
a non-forest physiognomy (in most of its
extension), a predominance of deciduous
species, an ephemeral herbaceous stratum
and a discontinuous canopy (Queiroz et al.
2017). Due to itinerant agricultural practices and
livestock, the Caatinga is quite fragmented and
is under strong anthropic pressure (Leal et al.
2005, Sampaio 2010, Antongiovanni et al. 2018).
Estimates based on remote sensing techniques
on the percentage of natural vegetation cover
indicate contradictory results. According to
Beuchle et al. (2015), about 63% of the natural
vegetation remains in the region. On the other
hand, Silva & Barbosa (2017) suggest that at least
63.3% of the vegetation is under anthropogenic
influence. A better understanding of the
relationship between remotely-sensed data and
attributes of the Caatinga plant community over
succession can improve future vegetation cover
modeling and produce more realistic estimates.

In this study, we characterize the spectral
behavior of fragments of caatinga vegetation with
different recovery ages and investigate whether
Landsat data (reflectance and vegetation
indices) can reflect the changes that occur in
the vegetation structure along the succession.
Whereas the energy reflected by the canopy and
recorded by remote sensors is influenced by
several factors, including those intrinsic to the
image, and the Caatinga vegetation is subject to
a seasonal climate, we decided to evaluate the
spectral behavior of the fragments at the end
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of the rainy season and during the dry season,
according to the availability of images.

MATERIALS AND METHODS
Study site

We realized this study in the Caatinga
Phytogeographical Domain (Andrade-Lima 1981,
Aradjo et al. 2005), or Caatinga Domain, located
between32and 82 South latitude in northeastern
Brazil. In most of the Caatinga Domain, the rainy
season lasts between three and five months,
rains are irregular, annual mean total rainfall is
less than 750 mm (Andrade-Lima 1981, Aradjo
et al. 2005), and potential evapotranspiration
can reach more than double the rainfall due to
high temperatures, around 27°C (Nimer 1989).
The physiognomy of the vegetation varies
greatly and is related to variations in rainfall,
soil and relief (Moro et al. 2015, 2016). Based
on Holdridge's Life Zones (Holdridge 1967), the
Caatinga encompasses a mosaic of Tropical Very
Dry Forest and Thorn Woodland at altitudes
below 500-600 m and Dry Forest at higher
altitudes. In this study, the community can be
classified as Thorn Woodland.

The caatinga is predominantly composed
of non-forest physiognomies with two distinct
strata. The woody stratum comprises deciduous
and often thorny shrubs, trees and arborescent
terrestrial cactus. The herbaceous stratum
vegetates only during the rainy season and
mainly contains broad-leaved terophytes and
grasses (Carvalho et al. 2007, Mamede & Araljo
2008). In this stratum, there are also subshrub
cacti and bromeliads with spikes.

The caatinga vegetation has been
influenced by human activities since before
European colonization when it was used by
indigenous peoples as a hunting territory and
for fruit collection and agriculture (Aradjo Filho
& Carvalho 1997). From the eighteenth century,
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there was expansion of cattle ranching and
cotton cultivation (Andrade 1979), and it is
currently deforested for agropastoral activities
and extraction of wood for energy (Aratjo & Silva
2010). Deforested areas are generally used for a
period of two consecutive years (Araljo Filho &
Carvalho 1997) and then abandoned for four to
25 years (Brasil 2009, Riegelhaupt et al. 20104, b).
Therefore, the caatinga cover currently consists
of a mosaic of fragments in different stages of
recovery (Sampaio 2010). In a recent analysis,
Antongiovanni et al. (2018) identified that the
Caatinga is quite fragmented and susceptible to
anthropic pressure. The same authors observed
that 74% of the vegetation fragments have an
area smaller than 50 ha.

For this study, we selected fragments with
different recovery ages in and around the Aiuaba
Ecological Station (ESEC) (40° 8’ 6.564" W - 62 37’
4475" S, Fig. 1), municipality of Aiuaba, State of
Ceara, northeastern Brazil. Koeppen classifies
the climate as semi-arid BSh (Alvares et al. 2013),
and has an average annual temperature of 25°C,
average total annual rainfall of 580 mm (with
rainfall concentrated between January and May),
and potential evapotranspiration of 1397 mm
per year, according to the FUNCEME database
(http://www.funceme.br)for the period from
1985 to 2016) (Fig. 2).

Selection of vegetation fragments

To determine the age of each fragment, we
used satellite images taken by the Landsat
program between 1985 and 2014, and an aerial
photograph taken in 1963, which was obtained
from the Brazilian Geological Service (CPRM),
USGS-NASA (http://earthexplorer.usgs.gov/) and
INPE (http://www.dgi.inpe.br/CDSR/). Before
analyzing the images, we applied a geometric
correction using the “registration” module of the
program ENVI 5.0 (RMS error <1) (Harris Geospatial
Solutions, Inc.). We selected 12 fragments, which
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Figure 1. Location of the fragments analyzed in the
chronosequence: 11 (10-15 years), 12 (20-25 years),

13 (30-35 years), 14 (40-45 years) and M (reference
vegetation). A, B and C indicate the replications.

we called “communities in recovery”, distributed
in four age intervals: 11 (10-15 years), 12 (20-25
years), 13 (30-35 years) and 14 (40- 45 years) (Fig.
1). For each of these intervals, three replicates
were delimited. We also selected a fragment with
more than 52 years of recovery as a reference
of mature vegetation or advanced succession
(M) (Fig. 1), totaling 13 analyzed fragments. Each
selected fragment had an average area of 7.3
ha (standard deviation + 4.5) and a minimum
distance of 1 km, distributed over similar
altitudes, varying from 443 to 510 m a.s.l. (Fig.
1). The soils of the studied communities were
classified as Leptosols, Regosols and Cambisols
(FAO nomenclature). They are shallow, with a
predominance of loamy, sandy texture in the
0-20 cm surface layer and have high levels of
assimilable phosphorus (P), organic matter
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Figure 2. Climatological water balance (FAO/
Penman-Monteith’s method), municipality of
Aiuaba (40°8'6.564" W/ 6237'4.475" S), State of
Ceara, northeastern Brazil. Monthly data of average,
maximum and minimum temperature, rainfall,
relative humidity (%), insolation and wind speed
from 1985 to 2016, made available by Ceara State
Foundation for Meteorology and Water Resources
(FUNCEME). Soil water capacity = 100 mm. Diagram
and calculations performed on the bHidrico GD 4.0
spreadsheet (D’Angiolella & Vasconcellos 2004).

(OM) and total organic carbon (TOC). Regarding
composition, Cenostigma bracteosum (Tul.)
Gagnon & G.P. Lewis, Croton blanchetianus Baill.
and Mimosa tenuiflora (Willd.) Poir. were the
most abundant species. The evergreen species
(Cynophalla flexuosa (L.) ). Presl and Ziziphus
joazeiro Mart.) were more abundant or exclusive
in M,

Vegetation data collection

During the rainy season (March to April) of 2015,
we delimited a plot of 01 hectare (Castanho
et al. 2020) in the center of each fragment
and recorded its geographical coordinates
(plot vertices) with a Trimble Juno SC GPS (1m
accuracy). In each plot, we sampled all trees
with stem circumference at the ground level
(PGL) = 9.4 cm, following Rodal et al. (2013), and
we measured the PGL and the height of each
tree. Based on the data collected in each plot,
we calculated the total density (TD, number
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of stems/ha), mean height (H, in m) and total
basal area (G, in m2/ha) through the Mata Nativa
software (Cientec 2006). We also calculated
the aboveground biomass (AGB, in t/ha) from
the diameter at ground level (DGL) using the
equation AGB = 0.0644*DGL™*® (Sampaio & Silva
2005), in which DGL=PGL/ . Table | describes
the structural differences between the analyzed
age intervals.

LANDSAT DATA AND SUCCESSION IN THE CAATINGA

Remote sensing data

We used images from the Landsat 8-9, Collection
2 platform, available at the surface reflectance
level, with a temporal resolution of 16 days.
Landsat 8-9 OLI surface reflectance products are
generated using the Land Surface Reflectance
Code (LaSRC) algorithm and are obtained free
of charge from https://earthexplorer.usgs.
gov/. We searched for images referring to the

Table I. Structure attributes of Caatinga woody plant communities with different recovery ages, Aiuaba Ecological
Station, municipality of Aiuaba, State of Ceara, Brazil. H: Mean height (in m), G: Total basal area (in m2/ha), TD:

Total density (number of stems/ha), AGB: Above ground biomass (in t/ha).

Age intervals Fragments H
1A 2,51
1B 343
10-15 years nC 2,73
Median 2,73
Interquartile-Range 0,46
12A 411
12B 3,98
20-25 years [2C 5,59
Median 441
Interquartile-Range 0,81
13A 4,97
I3B 3,66
30-35 years 13C 419
Median 419
Interquartile-Range 0,66
[4A 4,71
14B 519
40-45 years 14C 4,04
Median 4,71
Interquartile-Range 0,58
> 52 years M 5,64

G ™D AGB
2,48 430,00 538
5,84 670,00 13,04
3,86 400,00 8,96
3,86 430,00 8,96
1,68 135,00 3,83
21,86 3760 44,09
16,61 5920 31718
15,82 2120 3412
16,61 3760,00 3412
3,02 1900,00 6,46
17,5 2470 38,81
20,13 3430 44,02
218 2950 4932
20,13 2950,00 44,02
215 480,00 5,25
16,69 2900 3513
1546 3240 30,15
19,62 3390 43,61
16,69 3240,00 3513
2,08 245,00 673
4117 3170 112,68
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year 2015 (vegetation sampling). We found four
images with low cloud cover: 07/07/2015 (end of
the rainy season), 08/08/2015, 08/24/2015 and
09/25/ 2015 (dry season), which reinforces the
difficulty of finding scenes with low cloud cover
during the rainy season (see Mas et al. 2021).
We used bands from the visible region (blue,
green and red), NIR and medium infrared (SWIR
1and 2), which have a spatial resolution of 30 m,
and we calculated two vegetation indices: NDVI
(normalized difference vegetation index) and
SAVI ( soil-adjusted vegetation index) according
to equations 1 and 2. We prioritized remote
sensing products that are widely used, including
in Caatinga, and that present less calculation
and processing complexity (Morais et al. 2021).

NDVI = (NIR-Red)/(NIR+Red) (Equation 1)

SAVI = (1+L)(NIR - Red) / (L + NIR + Red)
(Equation 2)

Where: L=0.5; NIR: surface reflectance in
near-infrared band; Red: surface reflectance in
the red band.

For each image, we extracted the mean
surface reflectance and vegetation index values
based onthe polygon of the plot using the “Zonal
Statistics” tool of the Quantum GIS 218 software
(QGIS 2018). The polygons were constructed
based on the geographical coordinates (plot
vertices) taken from the phytosociological
sampling. All remotely-sensed data (reflectance
data and NDVI/SAVI indices) are available in
Supplementary Material - Table SI.

To characterize the spectral behavior of
vegetation at different recovery ages, we plot the
mean values of surface reflectance (blue, green,
red, near-infrared and short-wave infrared) for
each plot and for each date in graphs called
spectral reflectance curves. Additionally, we
selected plots at different ages in a two-
dimensionalspaceofattributes(scatterdiagram),
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in which each pixel is located as a point whose
coordinates are given by its reflectance values in
the red and near-infrared band. This approach
is analogous to the Greenness and Brightness
concept formulated by Kauth & Thomas (1976).
It is understood that each element of the scene
(water, vegetation, soil, etc.) occurs in different
proportions within the same pixel, and those
pixels that have the “purest” proportions are
located at the extremes of the two-dimensional
distribution, which assumes a form triangle or
gnome hat (Ponzoni et al. 2012). In the lower-left
portion are the pixels related to bodies of water
and shaded regions. The pixels that represent
the exposed soils are located in the right vertex
, with average reflectance values. And in the
upper left vertex are located the pixels occupied
by the proportions of vegetation cover (Ponzoni
et al. 2012). We used the 2D scatter plots tool in
the ENVI 5.0 program.

Data analysis

We tested the normality of all variables using
the Shapiro-Wilk test (p>0.05). To investigate
the existence of a relationship between the
structure attributes (total density, mean height,
total basal area and aboveground biomass) and
the remotely-sensed data (reflectance data in
blue, green, red, near-infrared and short-wave
infrared and NDVI/SAVI indices), we applied
Spearman correlation analyses, considering the
level of significance of p<0.05. We used Spearman
analyses because we found non-normal data
(total basal area, reflectance in the green, red
and near-infrared regions, and SAVI and NDVI
indices). We used the data obtained for each
community/plot. All analyzes were performed in
the R program (R Core Team 2022).
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a July 07, 2015

80

Figure 4a. Scatter plots with surface reflectance
data Red (x-axis) - NIR (y-axis) of the Caatinga with
different recovery ages (July 07, 2015; August 08,
2015). The pixels are represented with the following
colors: Yellow for communities aged 10-15 years,
Red for communities aged 20-25 years, Maroon

for communities aged 30-35 years, Sea green for
communities aged 40-45 years, Green for the
community with a minimum age of 52 years (M) and
Blue for water (Bengué Reservoir, as shown in Fig. 1).

in two-dimensional space, which means that the
analyzed time interval did not reflect on spectral
differences in the red and near-infrared bands.
In addition, the pixels are in an intermediate
region, which may constitute a space of greater
spectral mixing, compared to the other areas.
Regarding the mature community (M), we
observed that the pixels are projected to the
left, representing lower values in red reflectance
and a more significant influence of the shading
factor and/or vegetation.

LANDSAT DATA AND SUCCESSION IN THE CAATINGA

August 24, 2015

16830

and.TIF

September 25, 2015

18597
Band 1:Red band.TIF

Figure 4b. Scatter plots with surface reflectance
data Red (x-axis) - NIR (y-axis) of the Caatinga with
different recovery ages (August 24, 2015; September
25, 2015). The pixels are represented with the
following colors: Yellow for communities aged 10-

15 years, Red for communities aged 20-25 years,
Maroon for communities aged 30-35 years, Sea green
for communities aged 40-45 years, Green for the
community with a minimum age of 52 years (M) and
Blue for water (Bengué Reservoir, as shown in Fig. 1).

Here, it is essential to highlight the
arrangement of the “cloud” of mature vegetation
pixels (M) in the July/2015 image (Fig. 4a). In this
scene (and as observed in the spectral curves),
the most conserved vegetation presents a typical
spectral response of photosynthetically active
vegetation, with high values in the near-infrared
region and lower values in the red region. In the
July/2015 image, it is also clear that the “clouds”
of pixels referring to communities aged 10-15 (11),
20-45 (12, 13, 14) and 52(M) years old are located
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in better-defined spaces, that is, with a smaller Reflectance data in the blue, red and short-wave

pixel overlap. infrared region (SWIR 1 and 2) were negatively

correlated with mean height (H), basal area (G)
Relationship between woody vegetation and biomass (AGB). The correlation coefficient
attributes and remotely-sensed data along between these variables ranged from -0.63 to
succession -0.79, indicating that as H, G and AGB increase,

Considering the July 2015 image, we observed reflectance decreases (Fig. 5a). The NDVI and
that, among the significant correlations of  SAVI indices were positively correlated with G
interest (p < 0.05), about 53% were strong (p  and AGB, with coefficients between 0.67 and 0.78.
> 0.7) and 47% moderate, with p =0.6 (Fig. 5a).
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Considering the August 8 image, we found
that, among the significant correlations of
interest (p < 0.05), about 36% were strong (p >
0.7) and 64% moderate, with p between 0.5 and
0.6 (Fig. 5b). Reflectance data in the blue, green
and short-wave infrared bands (SWIR 1 and 2)
were negatively correlated with H, G and AGB.
Contrary to what was observed in the July scene,
no attribute was related to the SAVI and NDVI
indices.

LANDSAT DATA AND SUCCESSION IN THE CAATINGA

In the August 24th image (Fig. 6a), we
observed that all visible and short-wave infrared
bands correlated negatively with H, G and AGB,
with coefficients between -0.56 and -0.75. With
regard to indices, only SAVI was sensitive to
increases in G and AGB (pSAVI/G= 0.59; pSAVI/
AGB= 0.62). Among the significant correlations
(p < 0.05), about 24 and 76% were strong and
moderate, respectively.
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Finally, when analyzing the image obtained
on September 25th (Fig. 6b), we identified that
the relationship between the attributes H, G and
AGB and reflectance in the visible region and
SWIR 1 and 2 was similar to those previously
found, with coefficients between -0.58 and -0.79.
NDVI was sensitive to variation in G and AGB
(pNDVI/G= 0.64; pNDVI/AGB= 0.69), while SAVI
responded positively only to variation in total
aboveground biomass (pSAVI/AGB= 0.58).

In summary, we identified that the
relationship between blue and short-wave
infrared reflectance and the H, G and AGB
attributes was maintained in the four analyzed
images. As H, G and AGB increase, reflectance
decreases in these spectral bands (Fig. 5, Fig.
6). On the other hand, we observed that the
near-infrared reflectance data did not correlate
with the analyzed structural attributes and
that the response of the vegetation indices
oscillated between the analyzed dates. Another
factor that drew attention was the decrease
in the correlation coefficients over the dates,
indicating that the significant correlations tend
to be predominantly strong when we analyze
images from the end of the rainy season and
largely moderate when we analyze images at the
peak of the dry season.

DISCUSSION

Our results indicate that successional changes
in non-forest physiognomies, such as the
Caatinga, are perceived from Landsat data. The
energy reflected by the canopy and recorded
by remote sensors is interfered with by several
factors, including vegetation characteristics
(phenology, physiognomy, structure, species
composition), sensor (spatial, radiometric, and
spectral resolution, for example) and geometric
and sight factors (Franklin 2001, Ponzoni &
Rezende 2004, Ponzoni et al. 2012, Barbosa

LANDSAT DATA AND SUCCESSION IN THE CAATINGA

et al. 2014). Considering that the Caatinga
vegetation predominantly presents an open and
discontinuous canopy, our results reinforce the
understanding that the amount of vegetation
viewed from above interferes with the detection
of community features. According to Franklin
(2001), if the canopy is open, the reflectance
can be correlated with other attributes, such
as understory characteristics which may be
indirectly related to the target variables; if the
canopy is closed, the extent to which other
parameters can be predicted seems to depend
on the extent to which a closed canopy can
predict them. In rainforests, which accumulate
more than 200 t/ha of aboveground biomass in
mature communities (Vieira et al. 2003, Galvao
et al. 2015) and have a closed canopy, authors
have observed weak correlations between the
structural descriptors and the reflectance data
obtained from remote sensing. Even using
reflectance data, such as blue (0.45-0.52 pm),
green (0.51-0.60 pm), red (0.63-0.70 pm), and
near-infrared (0.76-0.85 pm) obtained from a
high spatial resolution sensor (1 and 4m), Clark
et al. (2004) found few moderate and significant
correlations in forests in Costa Rica: between 8
and 11% among 84 and 264 possible, respectively.
Visible reflectance (Landsat data) is poorly
predictive when forest biomass is over 150 t/
ha, corresponding to 15 years of succession in
tropical rainforests (Steininger 2000). On the
other hand, studies carried out in non-forest
physiognomies have demonstrated significant
empirical relationships between structure
attributes and reflectance data and NDVI/SAVI
indices (Yang et al. 2012, Almeida et al. 2014).

It is possible to highlight two important
aspects related to the spectral behavior of the
communities along the succession: soil exposure
and the non-photosynthetic component of
the vegetation. Even by analyzing images from
the dry period, it was possible to detect that
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younger communities present, in their spectral
response, the great influence of the exposed
soil, evidenced by the high reflectance values
(Franklin 2001) and by the disposition in the
two-dimensional space of pixels. The high
reflectance values of younger communities were
evident in all bands and images, except for NIR
in the July image. As succession progresses, the
increase in basal area, biomass and individuals
produces a shading effect and, consequently,
a reduction in reflectance. Even in savannas,
Asner & Warner (2003) demonstrated that the
shade fraction is determinant in the spectral
response of the vegetation. These authors found
that as the total density of individuals increases
in savannah communities, the shadow fraction
also increases, accounting for up to 50% of the
decrease in red band reflectance.

The spectral behavior of vegetation
fragments (except for mature vegetation in the
July 7th image) is strongly influenced by the
non-photosynthetic component, represented
by stems, branches and litter. In regions with a
dry climate, this component plays a crucial role
in the spectral signature of vegetation due to
the loss of leaves by most plants during the dry
season. Leaf senescence and the subsequent
degradation of photosynthetic pigments
inhibit or significantly reduce the absorption
of electromagnetic energy in the blue and red
region (Asner 2004, Hortensteiner 2006), as
demonstrated here and by Asner (2004) and
Morais et al. (2021). On the other hand, the
spectral behavior of the mature vegetation
fragment (M) on July 7th represents a more
significant influence of photosynthetically active
vegetation (green leaves), with the absorption of
energy in blue and red and high reflectance in
near-infrared. This spectral behavior may result
from the edaphic conditions of the M fragment.
In a study carried out in dry forests in Minas
Gerais, Brazil, Pezzini et al. (2014) observed

LANDSAT DATA AND SUCCESSION IN THE CAATINGA

some marked differences in the timing of leaf
phenology between early and more advanced
successional stages. These authors identified
that the percentage of individuals with green
leaves is correlated with climatic (precipitation
and relative humidity) and edaphic factors, such
as soil water content. It is possible that the local
conditions of the M fragment contribute to the
delay in leaf senescence and, consequently, to
the observed spectral response.

As the reflectance in the blue and short-
wave infrared regions showed a significant
correlation with the mean height, basal area and
total biomass, regardless of the analyzed image,
we suggest that these remotely-sensed data be
prioritized in future analyzes of the Caatinga
vegetation from Landsat images. The SWIR region
(1-3 um) is sensitive to the water content present
in plants and soil due to the absorption of
electromagnetic energy at this wavelength (Ji et
al. 2011). SWIR reflectance generally decreased as
water content increased (Ji et al. 2011). As we did
not measure soil moisture data, we cannot state
that the decrease in SWIR over the succession
is directly related to soil characteristics. We
speculate that this relationship is possible due
to the increase in litter deposition over time, as
demonstrated by Moura et al. (2016).

Considering that the correlations between
the structural attributes and the remote sensing
variables were predominantly strong right after
the rainy season and that, throughout the
dry period, there is degradation of the leaves
recently lost by most plants, we recommend
that analyzes of the Caatinga prioritize satellite
images obtained just after the rainy season. In
this way, it is possible to acquire scenes with
low cloud cover and a better representation
of the non-photosynthetic component of the
vegetation. The arrangement of the fragments
in the two-dimensional pixel space showed a
better separation of the communities aged
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10 to 15 years, 20 to 45 years and 52 years,
corroborating this suggestion.

CONCLUSION

This study demonstrates that Landsat image
data can characterize the conservation status of
non-forest physiognomies, such as the Caatinga.
The spectral differences observed between
fragments aged 10-15 years, 20-45 years and
>52 years correspond to changes in vegetation
structure over the succession, specifically in the
mean height of individuals, basal area and total
biomass aboveground. Our results suggest that
reflectance in the blue and short-wave infrared
regions should be prioritized in future band
compositions and modeling.

Judging from the spectral variation of the
analysed chronosequence and the Caatinga
deciduousness in the dry season, we conclude
that the litter layer (a non-photosynthetic
vegetation component) and the soil exposure
influence the spectral data. We hope our results
can subside future studies mapping different
successional stages of the crystalline Caatinga
and other similar vegetation types.
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